The dependence of the ice-albedo feedback on atmospheric properties by von Paris, P. et al.
ar
X
iv
:1
30
8.
08
99
v1
  [
as
tro
-p
h.E
P]
  5
 A
ug
 20
13
The dependence of the ice-albedo feedback on atmospheric properties
P. von Paris1,2,3, F. Selsis1,2, D. Kitzmann4, H. Rauer3,4
1 Univ. Bordeaux, LAB, UMR 5804, F-33270, Floirac, France
2 CNRS, LAB, UMR 5804, F-33270, Floirac, France
3 Institut fu¨r Planetenforschung, Deutsches Zentrum fu¨r Luft- und Raumfahrt,
Rutherfordstr. 2, 12489 Berlin, Germany
4 Zentrum fu¨r Astronomie und Astrophysik, Technische Universita¨t Berlin,
Hardenbergstr. 36, 10623 Berlin, Germany
Corresponding author:
Philip von Paris
Email: philip.vonparis@dlr.de
Tel.: +49 (0) 30- 67055 7939
1
Abstract
The ice-albedo feedback is a potentially important de-stabilizing effect for the cli-
mate of terrestrial planets. It is based on the positive feedback between decreasing
surface temperatures, an increase of snow and ice cover and an associated increase
in planetary albedo, which then further decreases surface temperature. A recent
study shows that for M stars, the strength of the ice-albedo feedback is reduced
due to the strong spectral dependence of stellar radiation and snow/ice albedos,
i.e. M stars primarily emit in the near-IR, where the snow and ice albedo is low,
and less in the visible where the snow/ice albedo is high.
This study investigates the influence of the atmosphere (in terms of surface
pressure and atmospheric composition) for this feedback, since an atmosphere
was neglected in previous studies. A plane-parallel radiative transfer model is
used for the calculation of planetary albedos. We varied CO2 partial pressures
as well as the H2O, CH4, and O3 content in the atmosphere for planets orbiting
Sun-like and M-type stars.
Results suggest that for planets around M stars, the ice-albedo effect is signif-
icantly reduced, compared to planets around Sun-like stars. Including the effects
of an atmosphere further suppresses the sensitivity to the ice-albedo effect. Atmo-
spheric key properties such as surface pressure, but also the abundance of radiative
trace gases can considerably change the strength of the ice-albedo feedback. For
dense CO2 atmospheres of the order of a few to tens of bar, atmospheric rather than
surface properties begin to dominate the planetary radiation budget. At high CO2
pressures, the ice-albedo feedback is strongly reduced for planets around M stars.
The presence of trace amounts of H2O and CH4 in the atmosphere also weakens
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the ice-albedo effect for both stellar types considered. For planets around Sun-like
stars, O3 could also lead to a very strong decrease of the ice-albedo feedback at
high CO2 pressures.
3
1 Introduction
The ice-albedo feedback is a very important positive feedback for the Earth’s cli-
mate. In simple words, it describes the possible runaway cooling of the planetary
surface. Decreasing surface temperature leads to an increase of snow and ice
cover, which increases the surface albedo. Hence, more incoming stellar radiation
is reflected back to space, which in turn decreases surface temperature.
A recent work by Joshi and Haberle (2012) connected this ice-albedo feed-
back to exoplanets and the habitable zone (HZ). The HZ is defined as the region
around a star where a planet with a suitable atmosphere could have liquid water on
the surface, hence the potential for life as we know it (Kasting et al. 1993). Calcu-
lations presented by Joshi and Haberle (2012) showed that the planetary albedos
for planets orbiting M stars are much lower than for planets orbiting Sun-like
stars because of the strong spectral dependence of both ice and snow albedo and
the stellar spectrum. Hence, the ice-albedo feedback is much less important for
planets orbiting M stars. Based on these results, Joshi and Haberle (2012) stated
that the outer boundary of the HZ is more extended around M stars than around G
stars since planetary albedos are much lower.
However, the ice-albedo feedback is not the key factor when determining the
extent of the outer boundary of the HZ. It is usually assumed that geochemical
cycles such as the carbonate-silicate cycle (e.g., Walker et al. 1981; Abbot et al.
2012) will stabilize the climate (e.g., Kasting et al. 1993; Selsis et al. 2007). The
outer boundary of the HZ is then determined by the interplay between an increase
of planetary albedo with increasing CO2 and the atmospheric greenhouse effect
provided by CO2 (Kasting et al. 1993). A higher planetary albedo does not neces-
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sarily imply lower surface temperatures, as has been shown by, e.g., McKay et al.
(1989), or Mischna et al. (2000). Still, at one point, an increase in planetary albedo
will lead to cooler surface temperatures, an effect known for CO2 as the maxi-
mum greenhouse effect (Kasting et al. 1993). Furthermore, atmospheres towards
the outer edge of the HZ are assumed to be very dense (of the order of several
bars of CO2, Kasting et al. 1993), implying that the influence of surface albedo on
the planetary energy budget is probably rather small (see, e.g., Wordsworth et al.
2011 for 3D investigations of the outer HZ). Therefore, conclusions on habitabil-
ity and the extent of the HZ cannot be easily drawn from the investigation of the
ice-albedo feedback.
Nevertheless, the ice-albedo feedback is still an important process for the at-
mospheric and climate evolution of the Earth. It is generally accepted that Earth
encountered several global glaciation episodes (the so-called snowball Earth, e.g.,
Kirschvink 1992, Hoffman et al. 1998, Hyde et al. 2000, Kasting and Ono 2006)
and, more recently, ice ages with widespread glaciations down to mid-latitudes
(e.g., Tarasov and Peltier 1997). Some of these snowball episodes coincide with
major events in the evolution of the biosphere, such as the advent of atmospheric
O2 (Kasting and Howard 2006; Goldblatt et al. 2006) and multicellular organisms
(Hyde et al. 2000). Rapid, perhaps geologically or biologically induced, changes
in atmospheric composition might have been responsible for triggering these glacia-
tions (e.g., Pavlov et al. 2003).
Therefore, it is of interest for astrobiology and a comprehensive theory of
atmospheric evolution to investigate whether planets orbiting other central stars
might also be subject to such feedbacks. The work by Joshi and Haberle (2012)
calculated planetary albedos based on surface albedos and did not take explicitly
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the atmosphere into account. However, atmospheric properties such as surface
pressure or atmospheric composition have a potentially large influence on the
planetary albedo, hence the ice-albedo feedback. In this work, we present sim-
ilar calculations as in Joshi and Haberle (2012), but with a plane-parallel radiative
transfer model which incorporates the radiative effects of an atmosphere. The
model is used to calculate planetary albedos of prescribed atmospheric scenarios
when varying atmospheric properties (such as atmospheric composition and sur-
face pressure). In a complementary approach, Shields et al. (2013) used a combi-
nation of 2D and 3D models to assess the development of ice and snow cover on
planets orbiting M, G, and F stars upon decreasing stellar insolation. However,
the considered planetary atmospheres were Earth-like in terms of surface pres-
sure and composition. With a 1D radiative transfer model, Shields et al. (2013)
also calculated planetary albedos as a function of CO2 partial pressure, however
without considering additional trace species, such as water, ozone, or methane.
The paper is organized as follows: Sect. 2 presents the model and scenarios,
Sect. 3 the results and Sect. 4 a discussion of additional aspects. We summarize
the results and conclude with Sect. 5.
2 Methods
2.1 Radiative transfer
We used a plane-parallel radiative transfer model to obtain planetary albedos of
a wide range of prescribed, fixed atmospheric scenarios. The radiative fluxes im-
portant for the planetary albedo (i.e., stellar radiation) are calculated for a spec-
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tral range of 0.237-4.545µm, divided into 38 spectral intervals. Scattering is
treated based on a δ-Eddington-2-stream algorithm summarized by Toon et al.
(1989). The frequency integration is performed using correlated-k coefficients
in up to 4-term exponential sums (Wiscombe and Evans 1977). Gaseous opaci-
ties are taken from Pavlov et al. (2000) and Karkoschka (1994). Rayleigh scat-
tering is incorporated using approximations presented by von Paris et al. (2010),
Vardavas and Carver (1984), and Allen (1973).
The pressure grid in the model atmospheres is determined from the surface
pressure psurf up to a pressure of 6.6×10−5 bar at the model lid, divided into 52
model layers, approximately spaced equidistantly in log (pressure),
2.2 Model procedure
The planetary albedo Ap is calculated as a Bond albedo in the model, i.e.
Ap =
Fu
F∗
=
∫ ∞
0 Ap,λ · F∗,λdλ∫ ∞
0 F∗,λdλ
(1)
where Fu is the spectrally integrated upwelling shortwave flux at the top of the
atmosphere, F∗ the total stellar insolation, Ap,λ the spectral albedo and F∗,λ the
spectral stellar insolation. As can be seen easily from this formulation, the plan-
etary albedo of a given atmosphere is independent of orbital distance. F∗,λ was
approximated by stellar spectra for the Sun (as a G-star proxy) and AD Leo (repre-
senting an M-type star, with 0.41 solar radii, 0.4-0.5 solar masses and an effective
temperature of ≈3,400 K, see e.g. Leggett et al. 1996, Segura et al. 2005). Spectra
were taken from Kitzmann et al. (2010) and are shown in Fig. 1. The total stellar
insolation is scaled to modern-day Earth insolation (i.e., F∗=1,366 Wm−2).
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Figure 1: Stellar spectra of the Sun and AD Leo as used in this work, normalized
to equal modern-day Earth insolation. Vertical dashed lines indicate the spectral
boundaries of the radiative transfer scheme (0.237-4.545 µm, see Sect. 2.1).
To investigate the influence of different atmospheric and surface properties on
planetary albedo, we prescribed atmospheric composition, the surface pressure
and the temperature profile for our calculations. Unless otherwise specified, the
temperature profile was fixed at the modern-Earth profile Tm(z) (z altitude), taken
from Grenfell et al. (2011). The stellar zenith angle was fixed at 60◦ to simulate
globally averaged conditions.
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2.3 Parameter variations
We used two different types of surface albedo parameterizations. The first parametriza-
tion employed the wavelength-dependent surface albedos AS of ice and snow, as
shown in Fig. 2. We took spectral albedo data presented in Joshi and Haberle
(2012), which were originally obtained from measurements in Antarctica (Brandt et al.
2005, Hudson et al. 2006). Note that the albedo remains constant at wavelengths
&1.5 µm (for ice, Brandt et al. 2005) and &2.4 µm (for snow, Hudson et al. 2006)
since respective measurements were restricted to these spectral ranges. The sec-
ond parametrization used a constant (wavelength-independent) surface albedo (val-
ues of 0.1, 0.2, 0.7 and 0.9, with 0.1 being close to present Earth’s mean surface
albedo, Rossow and Schiffer 1999).
The most important parameter for determining the location of the outer edge
of the habitable zone is the CO2 partial pressure. We performed calculations for
22 CO2 partial pressures ranging between 0.1 and 30 bar.
Since H2O has very strong visible and near-IR absorption bands, even low
concentrations could have an important impact on calculated albedos. To investi-
gate this further, we performed simulations with the ice and snow surface albedos
and atmospheres containing varying amounts of H2O. H2O concentrations cH2O
as a function of altitude z were set to follow the temperature-dependent satura-
tion vapor pressure pvap,H2O(T ), i.e. model atmospheres were assumed to be fully
saturated:
cH2O(z) =
pvap,H2O(T (z))
p(z) (2)
Atmospheric temperatures T (z) were set to the modern-Earth profile (i.e., T (z) =
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Figure 2: Snow and ice spectral albedo. Taken from Joshi and Haberle (2012),
their Fig. 1, data from Brandt et al. (2005) and Hudson et al. (2006).
Tm(z), see Sect. 2.2) and to a colder profile with T (z) = Tm(z)−15 (corresponding
to a surface temperature of 273 K). The colder temperature profile resulted in an
approximate decrease in H2O column amount of about a factor of 5-6.
CH4 can build up in the atmosphere if strong surface fluxes exist, as postulated
for, say, early Earth (e.g., Pavlov et al. 2003). Planets around M stars favor a build-
up of CH4 because of the weak stellar UV radiation field and the related HOx
chemistry (less OH means more CH4, see e.g. Segura et al. 2005 or Grenfell et al.
2007). CH4 could have an important effect on the planetary albedo because of
strong near-IR absorption bands. To investigate this, we performed calculations
with CH4 concentrations set to an isoprofile with concentrations of 10−6, 10−4 and
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Table 1: Parameters for the model calculations performed (vmr volume mixing
ratio, PAP present atmospheric profile, w: warm temperature profile Tm, c: cold
temperature profile Tm − 15, see Eq. 2).
Scenario AS pCO2 [bar] H2O CH4 vmr O3 [PAP]
1 snow, ice (Fig. 2) 0.1, 0.2,..,1, 2,..,10,..,30 0 0 0
2 0.1, 0.2, 0.7, 0.9 0.1, 0.2,..,1, 2,..,10,..,30 0 0 0
3 snow, ice (Fig. 2) 0.1, 0.2,..,1, 2,..,10,..,30 w, c 0 0
4 snow, ice (Fig. 2) 0.1, 0.2,..,1, 2,..,10,..,30 0 10−6,10−4,10−3 0
5 snow, ice (Fig. 2) 0.1, 0.2,..,1, 2,..,10,..,30 0 0 1,10
10−3, respectively (again, with the ice and snow surface albedos).
O3 can build up abiotically in CO2-rich or strongly UV-irradiated atmospheres
to quite large concentrations (e.g., Selsis et al. 2002, Segura et al. 2007, Domagal-Goldman and Meadows
2010) and could furthermore be the by-product of an oxygen-producing biosphere.
It features strong absorption bands in the UV and visible part of the spectrum
where Rayleigh scattering is strongest. Therefore, we performed sensitivity stud-
ies where we introduced an artificial ozone profile in the model atmospheres
(1x and 10x modern Earth’s concentrations following a mean Earth profile from
Grenfell et al. 2011, with the ice and snow surface albedos). We note that 10x
modern Earth levels most likely represent upper limits for the O3 profile. How-
ever since we aim at performing sensitivity studies only, we take this case as an
end-member case.
All the simulations were done for an AD Leo and a Sun spectrum (see Fig. 1).
Table 1 summarizes the scenarios.
Note that we did not include N2 in our model atmospheres, despite the fact
that it is present in substantial amounts in all terrestrial atmospheres of the solar
system (i.e., Venus, Earth, Mars, Titan). The reason is that N2 does not feature
absorption bands or lines in the visible and near-IR which are strong enough to
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affect the albedo and its Rayleigh scattering coefficient is nearly a factor of three
smaller than for CO2 (Vardavas and Carver 1984).
3 Results
3.1 Atmospheric flux profiles
Figure 3 shows the downwards and upwards flux profiles in the visible/near-IR
spectral domain as a function of pressure for the 0.1 bar and the 20 bar ice case
of scenario 1 from Table 1. It is clearly seen that in the case of a 0.1 bar CO2
atmosphere, the influence of the atmosphere on these radiative fluxes, hence the
influence on the planetary albedo, is rather small. The profiles all remain approx-
imately constant throughout the entire atmosphere in this case. In contrast to that,
in the 20 bar scenario, the atmospheric influence is very strong.
For the planet around the Sun, the incoming stellar flux is roughly reduced by
a factor of 2 (black line, 340 Wm−2 incoming flux at the top of the atmosphere,
∼ 160 Wm−2 reaching the surface). Most of this radiation is reflected back to
space due to very efficient Rayleigh scattering (red line). The surface albedo con-
tributes around 70 Wm−2 to the upwards flux at the top of the atmosphere, while
the Rayleigh scattering component amounts to 120 Wm−2.
For the planet around the M-dwarf AD Leo, the influence of the atmosphere
in the 20 bar scenario is also very prominent. However, in this case it is primarily
due to the absorption of near-IR radiation by CO2. The surface and the Rayleigh
scattering both contribute with about 50 % to the overall outgoing flux, but in
absolute terms, the Rayleigh scattering component is reduced to about 35 Wm−2
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(i.e., almost a factor of 4 compared to the Sun). The stellar flux reaching the sur-
face is reduced from 340 Wm−2 to less than 150 Wm−2, which is only slightly less
than for the planet around the Sun. Comparing the Rayleigh scattering component
with the reduction in downwards flux, one finds that approximately 150 Wm−2 are
absorbed in the atmosphere.
It is noteworthy that although the planetary atmosphere has a huge impact on
the flux profiles, in the case of the planet around AD Leo the planetary albedo
does not change that much. In the 0.1 bar and the 20 bar scenario, both top-of-
atmosphere outgoing flux values are nearly identical.
Figure 3: Net upward (Fup) and downward (Fdn) fluxes in the visible/near-IR for
ice surface albedo (scenario 1 from Table 1). Pure CO2 atmospheres (20 bar plain
lines, 0.1 bar dashed lines).
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3.2 Planetary spectral albedo
Figure 4 shows the spectral albedos for three different values of the CO2 pressure
of scenario 1 from Table 1. It is clearly seen that an increase of CO2 increases the
spectral albedo in the visible (due to Rayleigh scattering) and decreases the spec-
tral albedo in the near-IR (due to enhanced absorption). In general, the behavior
of the spectral albedo follows the snow and ice spectral albedo in Fig. 2, i.e. a
high spectral albedo in the visible and a rather low spectral albedo in the near-IR.
An important difference between ice and snow scenarios occurs near 1 µm
where the calculated albedos differ by a factor of about 3. This spectral region is
important since a rather large part of stellar radiation is emitted there.
Figure 4: Spectral albedos for different values of CO2 pressure and ice and snow
surface albedos. Pure CO2 atmospheres.
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Note that for the visible part of the spectrum, where Rayleigh scattering is im-
portant, an increase of CO2 from 0.1 bar to 10 bar does not significantly affect the
spectral albedos for the snow surface case. In contrast, for the ice surface case, the
effect is clearly distinguished. This is due to the very high visible albedo of snow
(∼0.9) in this spectral range, hence the surface reflection dominates the spectral
albedo in the visible, independent of atmospheric conditions. The calculated val-
ues of the spectral albedos correspond well to values presented by Shields et al.
(2013).
3.3 Planetary albedo
Figure 5 shows the planetary Bond albedos of scenarios 1 and 2 from Table 1.
The calculated values of planetary albedo with a very teneous CO2 atmosphere
(0.1 bar) approximately confirm the values of Joshi and Haberle (2012) which
were done without taking into account atmospheric effects (their Figure 2).
It is clearly seen that the central star type has a large effect on the planetary
albedo. At high CO2 partial pressures, planetary albedos for the planet around
the Sun are 2-3 times higher than for the planet orbiting around AD Leo. This
is of course due to the different spectral distribution of stellar energy (see Fig.
1). In terms of energy-equivalent orbital distance, this implies that planets around
M-stars could be 10-20 % farther away from their central star and still receive the
same net stellar energy input into the atmosphere. This fact is the basis for the
claim of Joshi and Haberle (2012) that the HZ around M-stars is widened with
respect to the HZ around G-stars.
As expected, planetary albedos are higher for snow surface albedo than for
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ice surface albedo. However, with increasing CO2 partial pressure, the difference
becomes noticeably smaller. For very dense, almost entirely optically thick atmo-
spheres, planetary albedos will converge to a value independent of surface albedo.
Interestingly, the amount of CO2 has a rather weak effect on the planetary
albedo when using ice and snow albedos. This was already implied in Figs. 3
and 4. The behavior of the atmospheric spectral albedo is similar to the spectral
albedo of ice and snow (see Fig. 2). As before in Sect. 3.2, calculated values of
Bond albedos correspond well to values in Shields et al. (2013).
Figure 5: Planetary albedo as a function of CO2 pressure for scenarios 1 and 2 of
Table 1. Pure CO2 atmospheres.
However, for a wavelength-independent surface albedo values, the effect of
CO2 on planetary albedo is much stronger, especially for low (Sun) or high (AD
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Leo) values of surface albedo. This is explained as follows. Scattering alone can
only increase the albedo. Thus, in the case of a Sun-like irradiation, for which
scattering-only is a fair approximation, the planetary albedo increases with pres-
sure. Therefore, for a given range of pressure, the increase is more significant
for low surface albedos. Absorption alone can only decrease the albedo. Thus,
for AD Leo-like irradiation, for which absorption-only is a fair approximation,
the planetary albedo decreases with pressure. The effect is more significant if
the surface albedo is high. From Fig. 5 it is clear that the scattering-alone and
absorption-alone approximations are not perfect. For the Sun and high surface
albedos, Fig. 5 shows a slight decrease of planetary albedo when surface pressure
increases which is due to CO2 absorption in the near IR. For AD Leo and low
surface albedos, the planetary albedo increases with pressure due to the scattering
that becomes more significant.
Effect of atmospheric composition
Fig. 6 shows the effect of increasing H2O concentrations on the calculated albedo.
It is clearly seen that this decreases the planetary albedo. The effect is somewhat
stronger for AD Leo than for the Sun. For example, for the ice surface albedo at
1 bar of CO2, when using the modern-day temperature profile and corresponding
H2O profile (see Eq. 2), the planetary albedo decreases from 0.2 to 0.13 for AD
Leo, but only from 0.45 to 0.40 for the Sun. This shows that even small amounts
of water can enhance the effect of the stellar type on planetary albedo.
Fig. 7 shows the effect of increasing CH4 concentration on the calculated
albedo. Again, the effect is much stronger for AD Leo than for the Sun.
Fig. 8 shows the effect of increasing O3 concentration on the calculated albedo.
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Figure 6: Planetary albedo as a function of CO2 pressure for snow and ice surface
albedos. Influence of H2O content. Plain lines for ice surface albedo, dotted lines
for snow surface albedo.
It has a large impact for the Sun, but its effect is almost negligible for AD Leo, as
expected from the spectral distribution of the stellar energy (see Fig. 1). O3 most
strongly absorbs at wavelengths below 0.5 µm where AD Leo does not emit much
radiation, compared to the Sun.
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Figure 7: Planetary albedo as a function of CO2 pressure for snow and ice surface
albedos. Influence of CH4 content. Plain lines for ice surface albedo, dotted lines
for snow surface albedo.
4 Discussion of additional aspects
4.1 The effect of clouds
The main effect of clouds, such as in particular H2O droplet and ice as well as CO2
ice clouds, in the visible and NIR is the scattering of incident stellar radiation.
Due to their high and continuous opacities they can easily dominate the planetary
albedo in this wavelength region.
Additionally, clouds can also limit the impact of the scattering by molecules
and the surface on the planetary albedo. Shortwave radiation which is scattered
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Figure 8: Planetary albedo as a function of CO2 pressure for snow and ice surface
albedos. Influence of O3 content. Plain lines for ice surface albedo, dotted lines
for snow surface albedo.
upwards by gas molecules or the surface can in turn be scattered down again by
the cloud. Thus, the amount of downwelling short-wave radiation in the lower
atmosphere can be higher if a cloud is present compared to the cloud-free cases
presented in this study.
The exact impact on the incident stellar radiation is a direct function of the
cloud’s particle sizes. Particles with sizes near 0.1 µm will have a Rayleigh scattering-
like effect, i.e. they will contribute to the ice-albedo feedback in the same way as
the scattering by gas molecules presented in this study. On the other hand, the
optical properties of particles with sizes larger than a few µm are essentially flat
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in the visible and NIR (e.g., Kitzmann et al. 2010). Compared to the cloud-free
cases, this would lead to a constant offset in the planetary albedo which is almost
independent from the incident stellar radiation (see e.g., Kitzmann et al. 2011 for
H2O clouds and Kitzmann et al. 2013 for CO2 clouds).
However, the presence of CO2, H2O, CH4 and O3 might inhibit cloud for-
mation because of the warming of atmospheric layers by absorption of stellar
radiation. Detailed atmospheric modeling is warranted to assess the possibility of
cloud formation in the middle and upper atmosphere in future.
4.2 Land-ocean distribution
On Earth, the mean surface albedo is AS=0.13 (Rossow and Schiffer 1999), with
the oceans (Aocean=0.05) being less reflective than the continents. The Martian
surface albedo is much higher than this (Amars=0.21, Kieffer et al. 1977). Also,
different types of land (deserts, bare rock, forests, etc.) have different spectral sur-
face albedos. Land plants have emerged not earlier than about 600 million years
ago on Earth (e.g., Kasting and Howard 2006), which demonstrates that profound
changes of a planets surface albedo might happen during its evolution. Therefore,
it is expected that the land-ocean ratio and the distribution of continents might
have a large influence on the overall surface albedo, and by extension, on the
sensitivity of the planet to the ice-albedo feedback.
Since this land-ocean ratio and the continental distribution might also change
during the planetary evolution (e.g., Pesonen et al. 2012), the strength of the ice-
albedo effect might also change quite a lot over the course of the planetary evolu-
tion. An investigation with 2D or 3D atmosphere models would be necessary to
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assess the strength of these effects.
4.3 Albedo measurements
Surface and atmospheric properties of terrestrial exoplanets such as continents,
oceans or ice, snow, and cloud coverage induce photometric variability in the
visible-near IR light curves and affect measured secondary eclipse albedos. Re-
cent studies have suggested that it might be possible to infer such properties from
spectro-photometric observations (e.g., Oakley and Cash 2009, Fujii et al. 2010,
Livengood et al. 2011, Cowan et al. 2011). Albedo measurements might be in-
dicative of snowball planets (e.g., Cowan et al. 2011). Such observations are eas-
iest for transiting planets and could be performed near secondary eclipse. For hot
giant planets, this has already been done (e.g., Snellen et al. 2009, Borucki et al.
2009, Parviainen et al. 2013).
Even if they were feasible for terrestrial, potentially habitable planets, it is
questionable whether broadband photometric measurements of the reflected light
could be useful to constrain the surface albedo and atmospheric characteristics.
The contrast CR between star and planet in reflected light close to secondary
eclipse depends on planetary radius RP, planetary albedo AP and orbital distance
d:
CR = AP · fR = AP ·
(RP
d
)2
(3)
For an Earth around the Sun (d=1 AU), this translates into CR ∼ AP · 1.8 × 10−9
(e.g., Kitzmann et al. 2011). If the planetary radius is known, the only uncertainty
is on the deduced planetary albedo. Assuming a photometric precision of about
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2×10−10 (i.e., 0.1× fR in Eq. 3, Oakley and Cash 2009), the 2σ uncertainty for the
obtained planetary albedo Ap translates roughly to ±0.2.
As shown above in Sect. 3, albedo differences for the various scenarios are
generally of this order of magnitude. This implies that albedo characterization
is very difficult for planets orbiting around M stars. Distinguishing between low
surface albedos and completely ice-covered planets is unlikely, even if the high
albedo due to snow coverage could be excluded reasonably well. Furthermore, it
is very difficult to infer the atmospheric properties (i.e., surface pressure, amount
of radiative trace gases). For planets orbiting around Sun-like stars, it may be
possible to distinguish between ice-free and ice-covered planets at low CO2 pres-
sures. If a high albedo would be measured, however, the albedo solution is no
longer unique, i.e. it might be an ice-covered planet at low or high atmospheric
pressure or even an ice-free planet with a dense CO2 atmosphere or clouds.
Therefore, the characterization of the atmosphere and surface is not likely to be
possible with secondary eclipse observations. To break degeneracies, additional
observations are needed. Especially transmission spectroscopy during primary
transit could be used to put constraints on atmospheric scale height and surface
pressure (e.g., von Paris et al. 2011, Benneke and Seager 2012), thus helping to
interpret measured planetary albedos. These observations would, however, require
large telescope facilities to reach sufficient S/N ratios (e.g., Hedelt et al. 2013)
5 Summary and Conclusions
We have presented detailed calculations of the planetary albedo of terrestrial plan-
ets as a function of stellar type and atmospheric composition. Key atmospheric
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properties such as CO2 partial pressure and the abundance of radiative trace gases
such as H2O, CH4, and O3 were varied. Furthermore, we considered different
types of surface albedo (wavelength-dependent ice or snow albedo, wavelength-
independent constant albedo). Based on the planetary albedo, we investigated
whether the ice-albedo feedback depends strongly on stellar type and atmospheric
composition.
First, our calculations confirm the results of Joshi and Haberle (2012), i.e. that
for ice- and snow-covered surfaces, the planetary albedos for planets orbiting M
stars are much lower than for planets orbiting Sun-like stars (about a factor of
two). This indeed leads to a strong reduction of the ice-albedo effect for planets
around M stars.
Second, our results imply that for dense CO2 atmospheres, the difference of
planetary albedo between ice and ice-free (AS=0.1) cases is strongly reduced
(from 0.35 to 0.05 for planets orbiting the Sun). For planets around M stars,
the ice-albedo feedback is almost entirely masked at high CO2 pressures (albedo
change less than 0.04).
Third, we have shown that the effect of atmospheric composition may be very
important when calculating the strength of the ice-albedo effect. Even radiative
trace species such as H2O, CH4, or O3 could alter sensitively the planetary albedo.
This in turn influences the radiative forcing associated with an ice or snow surface
albedo, hence could strongly suppress the ice-albedo feedback. The presence of
small amounts of H2O and CH4 effectively weakens the ice-albedo effect by sev-
eral percent in planetary albedo for both stellar types considered. In addition, for
planets around Sun-like stars, significant amounts of O3 could also lead to a very
strong reduction of the ice-albedo feedback at high CO2 pressures.
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